The aim of this study was to determine whether the experimental nutrient enrichment of littoral rocky shore communities would be followed by a predicted accumulation of fast-growing opportunistic algae and a subsequent loss of perennial benthic vegetation. Inorganic nitrogen (N) and potassium (P) was added to eight concrete mesocosms inhabited by established littoral communities dominated by fucoids. The response to nutrient enrichment was followed for almost 2 1/2 years. Fast-growing opportunistic algae (periphyton and ephemeral green algae) grew significantly faster in response to nutrient enrichment, but the growth of red filamentous algae and large perennial brown algae was unaffected. However, these changes were not followed by comparable changes in the biomass and composition of the macroalgae. The biomass of opportunistic algae was stimulated only marginally by the nutrient enrichment, and perennial brown algae (fucoids) remained dominant in the mesocosm regardless of nutrient treatment level. Established rocky shore communities thus seem able to resist the effects of heavy nutrient loading. We found that the combined effects of the heavy competition for space and light imposed by canopy-forming algae, preferential grazing on opportunistic algae by herbivores, and physical disturbance, succeeded by a marked export of detached opportunistic algae, prevented the fast-growing algae from becoming dominant. However, recruitment studies showed that the opportunistic algae would become dominant when free space was available under conditions of high nutrient loading and low grazing pressure. These results show that established communities of perennial algae and associated fauna in rocky shore environments can prevent or delay the accumulation of bloom-forming opportunistic algae and that the replacement of long-lived macroalgae by opportunistic species at high nutrient loading may be a slow process. Nutrient enrichment may not, in itself, be enough to stimulate structural changes in rocky shore communities.
ABSTRACT
The aim of this study was to determine whether the experimental nutrient enrichment of littoral rocky shore communities would be followed by a predicted accumulation of fast-growing opportunistic algae and a subsequent loss of perennial benthic vegetation. Inorganic nitrogen (N) and potassium (P) was added to eight concrete mesocosms inhabited by established littoral communities dominated by fucoids. The response to nutrient enrichment was followed for almost 2 1/2 years. Fast-growing opportunistic algae (periphyton and ephemeral green algae) grew significantly faster in response to nutrient enrichment, but the growth of red filamentous algae and large perennial brown algae was unaffected. However, these changes were not followed by comparable changes in the biomass and composition of the macroalgae. The biomass of opportunistic algae was stimulated only marginally by the nutrient enrichment, and perennial brown algae (fucoids) remained dominant in the mesocosm regardless of nutrient treatment level. Established rocky shore communities thus seem able to resist the effects of heavy nutrient loading. We found that the combined effects of the heavy competition for space and light imposed by canopy-forming algae, preferential grazing on opportunistic algae by herbivores, and physical disturbance, succeeded by a marked export of detached opportunistic algae, prevented the fast-growing algae from becoming dominant. However, recruitment studies showed that the opportunistic algae would become dominant when free space was available under conditions of high nutrient loading and low grazing pressure. These results show that established communities of perennial algae and associated fauna in rocky shore environments can prevent or delay the accumulation of bloom-forming opportunistic algae and that the replacement of long-lived macroalgae by opportunistic species at high nutrient loading may be a slow process. Nutrient enrichment may not, in itself, be enough to stimulate structural changes in rocky shore communities.
INTRODUCTION
Coastal ecosystems rank among the most productive biomes on Earth (Mann 1982) , but the intensified use of fertilizers over the last century has lead to the eutrophication and destruction of ecosystem structure and function in many coastal areas (Nixon 1995; Richardson and Jørgensen 1996) . Because of the serious ecological and socioeconomic consequences of coastal eutrophication, a wealth of studies on the effects of nutrient enrichment have been initiated over the last 3 decades (Nixon 1995; Vidal and others 1999) . Most of these studies have focused on the response of phytoplankton and ephemeral macroalgae in the pelagic (see for example Ryther and Dunstan 1971; Grané li and others 1986; Hecky and Kilham 1988; Nixon 1992; Richardson and Heilmann 1995) or shallow estuarine environment (for example see reviews by Fletcher 1996; Short and Wyllie-Echeverria 1996; Raffaelli and others 1998) .
Nutrient enrichment stimulates phytoplankton productivity and the increase of biomass in pelagic systems (Hecky and Kilham 1988) , leading to increased sedimentation of organic matter, oxygen deficiency in deeper water, and lower ecosystem diversity (Richardson and Jørgensen 1996) . In shallow estuarine areas and lagoons, eutrophication stimulates the bloom of phytoplankton, epiphytes, and ephemeral macroalgae and is followed by the loss of long-lived benthic macroalgae and seagrasses (Duarte 1995; Schramm 1999) . Total system productivity in estuaries is rarely affected by nutrient enrichment (Borum and Sand-Jensen 1996) , but the structural changes engendered by eutrophication increase the turnover of nutrients and oxygen. This may lead to more frequent events of oxygen depletion and the subsequent loss of fauna (SandJensen and Borum 1991; D'Avanzo and Kremer 1994) .
Because the effects of eutrophication seem less pronounced in exposed rocky shore ecosystems (see for example, Niell and others 1996) , they have received less attention (Vidal and others 1999) . However, a few observational studies have detected changes in species composition and depth distribution among rocky shore macroalgae after increased nutrient loading (for example, Littler and Murray 1975; Kautsky and others 1986; Rueness and Fredriksen 1991; Bokn and others 1992; Munda 1996) . Rocky shore systems may be less sensitive to nutrient enrichment because they differ from shallow, sheltered estuaries and lagoons with respect to water exchange, physical exposure (waves), and community structure. In these systems, rapid water exchange may dilute nutrient concentrations close to point sources considerably and facilitate the export of pelagic and detached components (for example, phytoplankton and free-floating macroalgae). Furthermore, intermediate to high wave exposure may "clean" the substrate for ephemeral algae (Sousa 1979 (Sousa , 1980 , which are more fragile than the fucoids and kelps that normally dominate these communities (Littler and Littler 1980) . Finally, rocky shore systems are densely inhabited by large grazers such as snails, limpets, sea urchins, and fish, which may cause significant grazing losses to macroalgae (Lubchenco and Gaines 1981; Underwood and Jernakoff 1984) .
Most experimental evidence of the effects of eutrophication on coastal ecosystems comes from small-scale studies. Although small-scale experiments are adequate means of assessing physiological responses to nutrient enrichment at the organism level or examining species interactions (that is, competition, grazing), they are too limited to address the complicated structure of natural communities or the feedback processes that occur in nature. Thus, although they are useful for the investigation of relationships underlying processes at higher levels, the results may be oversimplified and not fully scaled to these higher levels. Largescale experimental manipulation that includes entire communities or whole ecosystems (that is, mesocosms) is therefore preferable, but for logistic and economic reasons, it is seldom possible on rocky shore communities.
The use of mesocosms has improved our understanding of the eutrophication processes in pelagic (for example, see Baretta-Bekker and others 1998; Hein and Riemann 1995; Duarte and others 2000; Olsen and others 2001) and soft-bottom ecosystems (for example see Oviatt and others 1993; Brinkman and others 1995; Taylor and others 1995) . However, mesocosms have not yet been used to study eutrophication effects on rocky shore systems, probably because such systems are difficult to reproduce under controlled conditions. The keystone biological components of rocky shore ecosystems are mainly long-lived and require years to establish before experiments can be initiated. The energetic environment of rocky shore ecosystems, which includes tides and wave action, is also difficult to implement in mesocosms (Bakke 1990) , rendering the design of rocky shore mesocosm experiments cumbersome and resource-demanding.
This paper provides a synthesis of the results obtained during a 3-year enrichment experiment that attempted to provide a more robust basis for our understanding of the responses of rocky shore communities to increased nutrient loading. The project's objective was to assess the overall response of littoral rocky shore communities to elevated nutrient loading and to identify and quantify the process driving these changes. We expected that enhanced nutrient loading would (a) stimulate the growth and accumulation of fast-growing algae (that is, periphyton and ephemeral macroalgae) at the expense of slow-growing perennial algae, (b) stimulate the abundance of secondary producers through increased availability of high-quality food, and, (c) increase the export of organic matter from the system due to the increased dominance of delicate algae. The experiment was also designed to assess whether the expected structural changes would be followed by changes in overall primary production.
METHODS

Site Operation and Experimental Setup
The experiment was conducted in eight land-based mesocosms (Figure 1 ) designed to support hardbottom littoral communities at the Marine Research Station, Solbergstrand (Oslofjord, Norway). Each mesocosm contained from 6 to 12 m 3 of seawater (low and high tide, respectively) with a tidal amplitude of 0.36 m, similar to the mean of the fjord outside. Each mesocosm was fed with fjord water (pumped from 1-m depth) at a rate of 5 m 3 h Ϫ1 , giving an average water residence time of about 2 h. Waves were generated continuously by a wave machine (17 strokes per min). A technical description of the mesocosm facility is presented in Bokn and others (2001) .
The experimental littoral communities were established by introducing small boulders with associated macroalgae and fauna from the Oslofjord into the mesocosms 2 years prior to the start of the experiment. The import of algal spores and animal larvae with the inflowing seawater ensured the continuous development of the communities during the preproject period and resulted in a flora and fauna resembling that of the littoral zone in the Oslofjord.
Nutrient enrichment was initiated in May 1998 and lasted for 27 months. Inorganic nitrogen (N) and phosphorus (P) was added continuously to six of eight basins from stock solutions of H 3 PO 4 and NH 4 NO 3 at target concentrations of 1, 2, 4, 8, 16, and 32 M dissolved inorganic N (DIN) and 0.06, 0.13, 0.25, 0.5, 1.0, and 2.0 M dissolved inorganic P (DIP) above the background concentrations of the inflowing water. The dissolved nutrients were pumped into each basin from specifically made stock solutions using a dosing pump (Watson Marlow 505 S) with a feeding rate of 1 ml min Ϫ1 (see Bokn and others 2001 for details on the nutrient manipulation). Annual N and P loading (that is, ambient plus added nutrients) ranged from 28 to 109 moles N m Ϫ2 and from 1 to 6 moles P m Ϫ2 , respectively (Table 1) . Nutrient concentrations in Figure 1 . Diagram of one of the eight mesocosms with intertidal organisms attached to small boulders and steps mimicking intertidal levels. Water input is through a pipe at the north/east (uppermost) corner; the outlet is in the southeast (leftmost) corner through the tidal regulator tube.
the inflowing water and in each basin were measured on a weekly basis in pooled samples (five samples per week). The samples were preserved and analyzed according to standard methods (see Bokn and others 2001 for details).
Measurements
Community structure (that is, abundance, biomass, and species composition), physiological properties (nutrient content and growth), and community processes (that is, production and grazing rates, recruitment and early development, export and system metabolism) were surveyed during seven intensive field campaigns (spring, summer, and autumn 1998 and 1999 and summer 2000) , each lasting for 2-3 weeks.
Algal and fauna biomass and composition. Macroalgal cover was measured in 16 quadrates (42 ϫ 42 cm, each divided into 25 subquadrates) forming a fixed grid system in each basin. Cover estimates were transformed to units of biomass using speciesspecific biomass per unit of cover ratios, obtained through destructive subsampling outside the permanent sampling area. Subsamples of all macroalgal species were collected from each basin for the determination of carbon (C), N, and P content. Samples were cleaned, dried (80°C for 48 h), and analyzed for total C and N using a Carlo-Erba NA-1500 elemental analyzer. Total P content was determined by means of a modified Kjeldahl procedure using standard colorimetric methods (Grasshoff and others 1983) after oxidation with H 2 SO 4 .
Total periphyton biomass was quantified only in August 2000. Four samples of periphyton were collected from each of the dominant surface types (that is, dominant species of perennial macroalgae, boulders, and concrete surfaces) in all mesocosms and analyzed for chlorophyll content (Lorenzen 1967) . Total periphyton biomass per mesocosm was calculated by multiplying substrate-specific periphyton biomass (per unit of area) by the total surface area of each substrate type. Chlorophyll biomass was finally converted to dry weight (DW) biomass assuming a C/Chl ratio of 75 and a C content of 50% of DW.
Recruitment and early development of macroalgal communities were studied from settling and subsequent development of macroalgae on "clean" substrates (that is, 10 ϫ 10 cm granite tiles). The tiles were mounted in four of the eight basins (treatment levels, ϩ0, ϩ2, ϩ8, and ϩ32 M N) at the start of the experiment (April 1998) and placed on permanent steel racks 10 cm below the water surface at low tide. The design of these racks ensured that the tiles were inaccessible to benthic grazers, such as gastropods. Three tiles were harvested from each basin every 2nd month between April and October during the entire experiment, and cover, biomass, and species composition were quantified on each tile.
The abundance of large mobile and sessile animals in the mesocosms was determined by counting all individuals within the quadrates used to assess macroalgal cover. The abundance of small mobile animals (macro-and meiofauna) was quantified using artificial substrates ("traps," n ϭ 8 in each basin per sampling event) located at different depths in the mesocosms and by direct sampling from dominant species of macroalgae (four species, n ϭ 4 in each basin). The total abundance of each fauna group was estimated for each mesocosm by multiplying the substrate-specific abundances by the total proportion of different substrates (includ- ing algal groups) in each mesocosm. Finally, total fauna biomass was estimated from standardized weight analyses of each species. Algal growth and primary production. Net growth rates of four species of macroalgae (Ulva lactuca, Ceramium rubrum, Fucus vesiculosus, and F. serratus), each of which was a quantitatively important and/or typical representative of a specific type of algae, were measured from the increase in biomass of subsamples placed in transparent cages for 10 -12 days. The cages were made of Perspex (20 cm long, 10 cm in diameter) and closed at both ends with mesh (mesh size, 1.0 mm) to exclude mesoherbivores and prevent the loss of algal material. The cages were placed approximately 30 cm below the water surface at low tide. Growth rates () were estimated according to the following equation:
where B T and B 0 are the final and initial biomass and t is the incubation time. Six replicate measurements of growth (for each of the examined species) were carried out in each mesocosm during each campaign. Growth of the periphyton community was measured from the accumulation of periphyton biomass on small ceramic tiles exposed for 15-20 days in each basin. Four "clean" tiles (each 5 ϫ 5 cm) were fixed to a vertical holder that was accessible to swimming grazers but not to benthic grazers, such as Littorina spp. The amount of chlorophyll accumulated on the tiles and the C, N, and P content of the periphyton communities were determined following the methods of Lorenzen (1967) and Hillebrand and Sommer (1997) . Growth was estimated from changes in biomass over time according to Eq.
(1).
Each mesocosm was permanently equipped with a submersible oxygen and temperature sensor (ABB model 9408), and a ninth sensor was placed in the inflow pipe from the Oslofjord. Measurements of oxygen and temperature from each mesocosm were taken at 30-s intervals and stored as 15-min averages in a datalogger; light intensity (PAR) in the air was recorded (LiCor model Li-190SA) with the same frequency. Total mesocosm metabolism-that is, gross primary production (GPP) and total mesocosm oxygen consumption, including algae, animals, and microorganisms-was calculated from the dial changes in oxygen concentration (for technical details, see Bokn and others 2001) .
Additionally, the oxygen metabolism of each of the major algal groups (Ulva lactuca, Ceramium rubrum, and Fucus vesiculosus) was measured in each mesocosm and campaign. Subsamples of algae were incubated in 20-L submersed closed transparent Perspex containers, each equipped with an oxygen sensor. The measurements for each algal group were performed simultaneously in all eight mesocosms for 36 h. Measurements of oxygen and temperature from each container were taken at 30-s intervals and stored as 15-min averages in a datalogger. PAR in the air was recorded with the same frequency.
Net primary production (NPP) was calculated from changes in oxygen concentration between 0 and 24 h, and respiration (R) was estimated from the average of changes in oxygen concentration during the 1st and 2nd night of the 36-h incubation period. GPP was calculated as the sum of NPP and R. Finally, the dry weight of the incubated algae was determined, and biomass-specific production rates were calculated. Total metabolism (per basin) and the contribution from each algal group were calculated by multiplying the biomass-specific rates by the total biomass of each algal group (per basin).
Grazing losses. Potential consumption rates of the most important herbivores were determined from "enclosure" measurements placed within the mesocosms. Subsamples (1-5 g DW) of Ulva lactuca, Ceramium rubrum, Fucus vesiculosus, and F. serratus and small ceramic chips covered by periphyton were incubated for 10 -12 days together with four to eight individuals of Littorina littorea, Idotea granulosa, or Gammarus locusta in transparent Perspex cages (20 cm long, 10 cm in diameter) closed at both ends with mesh (mesh size, 1.0 mm). Six replicate incubations were carried out for each animal species in each mesocosm. Species-specific consumption rates were estimated from changes in algal biomass during the incubation after correcting for biomass changes due to growth. Consumption rates were expressed in units of mg alga consumed g Ϫ1 animal d
Ϫ1
. The consumption rates thus obtained were multiplied by fauna abundance (per basin) to estimate total potential consumption of each algal type in the mesocosms.
Export of organic matter from the mesocosms. Export of coarse material (CPOC) (greater than 1 mm) from the mesocosms was quantified on 36 occasions during the experiment. The outlet water from each mesocosm was led through a 1-mm mesh bag for 24 h. The bag sample was sorted into main fauna and algal groups (that is, green, red, and brown algae), dried, weighed, and finally analyzed for C content using a Carlo-Erba NA-1500 elemental analyzer. The import and export of fine particulate C (FPOC) (smaller than 1 mm) was determined from Response of Rocky Shore Communities to Nutrients duplicate water samples (5-10 L) taken from the inand outflowing water of each mesocosm every 3rd day during each campaign. Each water sample was filtered through a preburned Whatman GF/C filter. The filters were dried at 80°C for 48 h, and the C content was subsequently determined using a Carlo-Erba NA-1500 elemental analyzer. The concentration of dissolved organic carbon (DOC) in the in-and outflowing water of each mesocosm was measured on a weekly basis in pooled water samples (five samples per week) taken from with in the inlet and near the outlet of each mesocosm. These samples were collected 1 week prior to and 1 week after each campaign (that is, five pooled samples per campaign). The water samples were filtered through a Whatman GF/C filter, and the concentration of DOC was analyzed on the filtrate using a Shimadzu TOC-5000 total organic carbon analyzer. Finally, the concentrations of FPOC and DOC were multiplied by the water flow rates to obtain estimates of import and export.
Statistical Analysis
Each experimental unit (that is, the mesocosms) was unreplicated (except for the control treatment where n ϭ 2). The possible effect of nutrient loading on response parameters (for example, biomass, growth rates, grazing rates, export) could therefore not be examined by the use of comparative statistics such as analysis of variance (ANOVA) (Hurlbert 1984) . The relationships between the various response parameters and the nutrient treatment levels were instead analyzed by Pearson's correlation analysis (Zar 1999) . Data were log-transformed as needed to obtain linearity between the dependent and independent variables.
RESULTS
Nutrient Concentrations
The background concentrations of DIN (NH 4 ϩ ϩ NO 3 Ϫ ) ranged from 1 M in midsummer to about 30 M during winter, and nutrient enrichment caused a significant increase in DIN concentrations (Figure 2a) . The background concentrations of DIP were low, ranging from 0.02 M in summer to about 0.8 M during winter (Figure 2b ). Nutrient enrichment caused a significant increase in DIP concentrations. The molar N:P ratios in the inflowing water averaged 40.8 Ϯ 25.7 (ϮSD), but they varied considerably over the season. The N:P ratios were close to Redfield's ratio (Redfield and others 1963) in winter, but they increased to 160 in summer, suggesting strong P limitation during the main growing season.
Algal and Fauna Biomass and Composition
Total macroalgal biomass averaged 876 Ϯ 332 (ϮSD) g DW m Ϫ2 across time (May 1998 -August 2000) and mesocosms (Table 2) . Total macroalgal biomass varied considerably over the experimental period (Figure 3 ), but there was no systematic trend in biomass change with nutrient treatment (R ϭ 0.005, P ϭ 0.975). The macroalgal assemblages were dominated by perennial brown algae (particularly Fucus serratus and F. vesiculosus), but the biomass of these algae did not vary systematically with nutrient treatment (R ϭ 0.036, P ϭ 0.819). The red algae were entirely dominated by filamentous species belonging to the genera Polysiphonia, Ceramium, and Rhodomela. Red algal biomass was very high in spring and summer 1998, but it declined markedly over the course of the experiment. Variations in red algal biomass were never correlated to nutrient treatment level (R ϭ Ϫ0.008, P ϭ 0.961). Ephemeral green algae (mainly Enteromorpha spp. and Ulva lactuca) contributed little to total algal biomass (Table 2), but their biomass increased significantly with increasing nutrient loading (R ϭ 0.331, P ϭ 0.032), resulting in twofold higher biomass at higher nutrient treatment levels.
This response was even stronger for summer data only (R ϭ 0.413, P ϭ 0.061). Total periphyton biomass (data not shown) ranged from 0.8 to 2.4 g DW m Ϫ2 (mean, 1.5) and was positively correlated with nutrient treatment level (R ϭ 0.736, P ϭ 0.038). Yet the periphyton biomass remained very low (less than 0.2% of total algal biomass), and the stimulation of periphyton and green algal biomass therefore had little effect on the overall biomass and composition of the algal assemblages.
The weak response in algal biomass and composition led to an apparent stability in macroalgal species richness and diversity. The number of macroalgal species varied from 16 to 26 across time and treatment, but the variation was not correlated with nutrient treatment levels.
The recruitment and subsequent development of macroalgae on clean granite tiles was luxuriant. The total algal biomass on these tiles was similar across nutrient treatments during the 1st year of the experiment, but the biomass became considerably larger in the control basin during the 2nd and 3rd years of the experiment (around 3000 versus less than 1000 g DW m Ϫ2 ). The macroalgal assemblages that developed on the tiles at low nutrient levels became dominated by perennial brown algae (Fucus spp.), whereas ephemeral green algae were totally dominant at the highest nutrient treatment level (Figure 4) . Species richness and diversity tended to increase over time at low nutrient levels, whereas no change in diversity was observed at higher nutrient treatment levels (data not shown).
The mesocosms hosted at least 80 taxa of macrofauna, which was dominated by crustaceans (33 taxa) and molluscs (22 taxa) (Kraufvelin and others, forthcoming) . Total macrofauna biomass averaged 209 Ϯ 81 g DW m Ϫ2 across mesocosms and time and was dominated by mesograzers and filter feeders. The abundance and biomass of the mesograzers experienced considerable seasonal variation, with the highest values observed in summer ( Figure 5 ). Nutrient enrichment had no effect on the overall abundance and biomass of the fauna (R ϭ 0.090, P ϭ 0.573), but a few species (for example, Littorina littorea) became more abundant at high nutrient loading (Figure 6 ). Small crustaceans (isopods and amphipods) also tended to be more abundant (although not significantly so) at the highest nutrient levels (Kraufvelin and others forthcoming). Total meiofauna biomass was insignificant relative to that of the macrofauna, and there were no systematic variations in abundance, biomass, or species composition with increased nutrient loading.
Algal Growth and Primary Production
Mean algal growth rates differed almost 10-fold among the various types of algae; they were lowest among the perennial brown algae and highest for periphyton (Table 3 ). The growth rates of periphyton and Ulva lactuca responded significantly to nutrient enrichment (Table 4) ; the response was strongest for periphyton, which was stimulated in spring, summer, and autumn, whereas Ulva lactuca was stimulated only during summer. Nutrient enrichment did not significantly affect the growth of filamentous red algae and the two perennial brown algae (Fucus vesiculosus and F. serratus) .
Estimates of GPP and algal R based on oxygen metabolism reached 2350 and 1000 g C m Ϫ2 y Ϫ1 , respectively, resulting in an annual net primary production of 1350 g C m Ϫ2 . This is roughly similar to the estimate of 1300 g C m Ϫ2 obtained by combining algal biomass and growth data. NPP did not vary systematically with nutrient treatment level (Figure 7 ). Perennial brown algae, which made up 86% of the total algal biomass, were responsible for 67% of the total production, whereas periphyton and ephemeral macroalgae (that is, foliose and filamentous algae) contributed somewhat less (although substantially) to total net production (3%, 18%, and 11%, respectively). The contribution of perennial brown algae to total primary production was negatively correlated to treatment level (R ϭ Ϫ0.725, P ϭ 0.042), whereas the contribution of periphyton to total production increased with nutrient treatment level (R ϭ 0.804, P ϭ 0.016). The contribution of green and red algae to total production did not vary systematically with treatment level.
Nutritional Quality and Grazing
The nutritional quality of the algae increased with nutrient enrichment as mean C:P and N:P ratios declined significantly with increasing nutrient loading (R ϭ 0.80, P Ͻ 0.01 and R ϭ 0.90, P Ͻ 0.01, respectively) (Figure 8 ). Changes in the nutritional quality of the algae were reflected in the grazing patterns when compared across algal type and nutrient treatment (Figure 9 ). Potential annual grazing losses (that is, as extrapolated from enclosure experiments to the entire system) averaged 682 g C m Ϫ2 but differed markedly among algal groups. Annual grazing losses corresponded to 317% of the periphyton production, 138% of the green algal production, 36% of the red filamentous algal production, and 25%-30% of the perennial brown algal production. In all, 54% of the primary production was removed by herbivores. Relative to algal productivity, the potential grazing losses increased with nutrient loading (R ϭ 0.673, P ϭ 0.068 for ephemeral green algae, R ϭ 0.844, P ϭ 0.008 for filamentous red algae, and, R ϭ 0.821, P ϭ 0.012 for perennial brown algae), showing that the proportion of macroalgal production consumed increased with nutrient enrichment. By contrast, relative grazing of periphyton tended to decrease with increasing nutrient treatment level (R ϭ -0.630, P ϭ 0.094), thus reflecting the fact that periphyton was able to "escape" nutrient-enhanced grazing via a marked stimulation of growth.
Export and Total Ecosystem Carbon (C) Balance
The average export of macroscopic algal fragments from the mesocosms reached 210 g C m Ϫ2 y Ϫ1 , corresponding to about 16% of the total net primary production (Table 5 ). The export of algae did not vary systematically with nutrient treatment level (R ϭ 0.304, P ϭ 0.398), but the export loss differed considerably among the various types of algae (56%, 31%, and 5% of the production for green, red, and perennial brown algae, respectively). The annual export of fauna consisted mainly of small crustaceans and averaged 33 g C m Ϫ2 , whereas the net export of FPOC and DOC averaged 330 g C m Ϫ2 y Ϫ1 . None of these exports varied systematically with nutrient treatment. Total system R averaged 1280 g C m Ϫ2 y Ϫ1 across mesocosms and was not correlated to nutrient treatment.
Total annual NPP averaged 2350 g C m Ϫ2 , whereas grazing and export of macroscopic algal fragments totaled 890 g C m Ϫ2 (Table 5 ). The remaining 460 g C m Ϫ2 must either have accumulated in the basins as detritus, or been lost through ).
DISCUSSION
Results from small-scale enrichment experiments show that eutrophication favors fast-growing algae such as phytoplankton, periphyton, and ephemeral macroalgae (Pedersen 1995; Pedersen and Borum 1996) because such algae require high nutrient inputs for rapid growth (for example, see Fujita 1985; Pedersen and Borum 1997) . Observational evidence confirms that eutrophication of shallow estuaries and coastal areas often leads to the bloom of phytoplankton and other nuisance algae (see, for example, Raffaelli and others 1998), followed by increased competition for light and subsequent loss of benthic macrophytes (see reviews by Duarte 1995; Valiela and others 1997; Schramm and Nienhuis 1996) . However, the strength of this response varies considerably among systems and between years due to significant differences in biotic and abiotic conditions (Schramm 1999) . The objective of our experiment was to confirm the predicted coupling between nutrient enrichment and structural changes among primary producers under controlled conditions. However, heavy nutrient loading did not significantly stimulate the bloom of opportunistic algae in our experiment. The biomass of both periphyton and ephemeral macroalgae remained low at all treatment levels. The mesocosms were completely dominated by perennial brown algae (fucoids) before nutrient enrichment was initiated and remained so throughout the entire course of the experiment. Substantial nutrient enrichment had a limited impact on total algal biomass, community structure, and total primary production, suggesting that littoral communities in moderately exposed rocky shore environments are resistant to the stress imposed by eutrophication. The result is surprising because it contradicts the current dogma of eutrophication, which predicts a relatively simple and direct linkage between increasing nutrient loading, algal blooms, and the loss of long-lived, benthic vegetation. The mechanisms that prevented the excessive blooming of ephemeral algae and the subsequent loss of perennial benthic macroalgae, including possible feedback processes that may buffer the effects of eutrophication, must therefore be identified to reach a more comprehensive understanding of the coupling between nutrient enrichment and community responses.
Possible Experimental Artifacts
Mesocosms represent a simplification of natural systems; thus, the extent to which they can mimic natural systems, with all their complex interactions, is limited. The absence of a robust response to nutrient enrichment could therefore have been caused by inherent problems with the experimental setup.
Under natural conditions, phytoplankton biomass is stimulated by nutrient enrichment (Hecky and Kilham 1988) . The shading effect exerted by phytoplankton adds to the shading imposed by periphyton and ephemeral algae and thus contributes to the loss of long-lived benthic macrophytes (Sand-Jensen and Borum 1991; Duarte 1995) . The relative importance of shading by phytoplankton is highly variable and depends on water depth and water retention time (Sand-Jensen and Borum 1991; Valiela and others 1997) . Therefore, in this experiments the negative effects of increasing phytoplankton biomass were minimized by the low water retention time, causing high export of plankton and preventing a significant accumulation of biomass in the water column. Total shading of the benthic vegetation was therefore less than would be expected under natural conditions, which may have ameliorated and/or delayed the loss of slowgrowing perennial macroalgae. However, the exclusion of phytoplankton effects cannot explain why other opportunistic algae did not prosper in the mesocosms after nutrient enrichment.
The growth of opportunistic algae must be nutrient-limited under ambient conditions before a response to nutrient enrichment can be expected. High background concentrations of N and P could therefore have prevented a marked response of the ephemeral algae to enrichment. N is often considered the most limiting nutrient in northern temperate coastal waters; and although average background concentrations of DIN were relatively high, they were low enough (less than 1 M) to render most ephemeral algae N-limited for 2-3 months every summer. Most ephemeral algae require about 2-6 M DIN for optimal growth (Fujita 1985; Fujita and others 1989; Pedersen and Borum 1997) . N limitation was therefore likely under ambient conditions in summer. The average background concentrations of DIP were very low by northern European standards,-that is, always less than 1 M and below 0.2 M for 4 -5 months every year. The low DIP concentrations and high N:P ratios (more than 160) observed in summer indicate that the algae suffered substantial P limitation under ambient conditions during most of the active growing season. This conclusion is further supported by the high algal C:P ratios (circa 950), which are indicative of strong P limitation (Duarte 1992) . Ambient nutrient concentrations were thus low enough to render the populations of microalgae and ephemeral macroalgae nutrient-limited during most of the growing season. Nutrient enrichment was therefore expected to stimulate growth and hence the biomass of fast-growing algae in the mesocosms.
Nutrient-induced Stimulation of Growth
Nutrient enrichment did indeed stimulate the growth of ephemeral algae and periphyton, but the growth of more slow-growing filamentous red and perennial brown algae remained unaffected by the experimental treatment. Nutrient enrichment stimulated the growth of ephemeral green algae during the summer months, when the background concentrations of DIN and DIP were very low. Growth rates were enhanced by 10%-50%, depending on treatment level; such an increase should lead to a significant accumulation of biomass if loss rates remained constant. If, for example, the biomass of green algae was 40 g DW m Ϫ2 and they grew at a rate of 0.07 d Ϫ1 under ambient conditions, a 30% increase in growth rate would lead to an 100% increase in biomass within 1 month, provided that losses equaled production under ambient conditions and that they remained constant with nutrient enrichment. Periphyton grew significantly faster than green ephemeral macroalgae and was stimulated for longer periods of time by nutrient enrichment. Considerable accumulation of periphyton was therefore also to be expected in response to nutrient enrichment unless periphyton growth became severely reduced by self-shading due to high biomass or the loss rates increased considerably at higher nutrient levels. What are the mechanisms that prevented the fast-growing opportunistic algae from becoming the dominant species in the mesocosms? There are at least three mechanisms that could have prevented the recruitment and early development of opportunistic algae or imposed such massive losses on these algae that their biomass was kept low, even at the highest nutrient loadings: (a) strong competition for space and light imposed by the dense populations of perennial canopy species. (b) strong top-down control by herbivores, and (c) the physical disturbance imposed by the wave machine and the subsequent export of algal matter. Competition from populations of perennial brown algae. It is well known that long-lived perennial brown algae can build up dense canopies and suppress understory vegetation and attached epiphytes through heavy shading or "whiplash" effects (Santelices and Ojeda 1984; Kiirikki 1996) . The popula- tions of perennial brown algae in the mesocosms were very dense, and although we did not study competitive interactions directly, it is most likely that they prevented the recruitment of ephemeral algae. Ephemeral macroalgae and periphyton were rarely found below and upon fucoids in the dense vegetation; they appeared almost entirely as epiphytes on solitary fucoids or in gaps within the established vegetation.
Gaps ("free space") appear whenever physical disturbance or age-related mortality detaches canopy-forming individuals within the community. Such gaps are quickly colonized by ephemeral species, but these are often succeeded by slow-growing perennial algae (late-successional species, sensu Littler and Littler 1980) , which colonize and develop more slowly but seem competitively superior in the long run (see for example , Lubchenco 1983; Sousa 1979) . This successional sequence was evident in the recruitment experiments conducted at low nutrient concentrations, where clean granite tiles were colonized by all types of algae but became totally dominated by perennial brown algae plus attached red algae within 1-2 years. However, gaps can remain dominated by ephemeral algae for much longer if the availability of nutrients is high and/or the grazing pressure is low (Rueness 1973; Murray and Littler 1978; Sousa 1979) , as seen in recruitment studies carried out at high nutrient loading. Ephemeral green algae became completely dominant on these tiles and remained so for the entire course of the experiment, although they were nearly absent from areas dominated by perennial algae within the same basins. Dense populations of early colonizers thus seem able to prevent the settlement of spores from late-successional algae. Alternatively, adult stages of the ephemeral algae may be competitively superior to the germlings of late-successional species as long as their growth and biomass development are not restricted by nutrient limitation or heavy grazing (Lubchenco 1983; Worm and others 2001) . Alternatively, the unsuccessful colonization by late-successional species at high nutrient concentrations may have been caused by reduced reproductive output by fucoid algae at high nutrient levels, but this possibility still needs to be tested.
The strong and persistent dominance of large canopy-forming algae in all mesocosms, regardless of treatment level, suggests that these algae can prevent, or delay, a massive accumulation of ephemeral algae when the availability of nutrients increases. Opportunistic algae appear, however, to have the potential to establish competitive and persistent populations when free substrate becomes available under conditions of high nutrient richness and low grazing pressure. It is therefore possible that ephemeral algae would have become much more dominant at higher treatment levels with time, since age-driven mortality among the fucoids will continue to create new gaps in the vegetation. Competitive replacement of late-successional algae by opportunistic macroalgae with increased nutrient loading thus seems to be a slow process.
The effect of herbivory. Invertebrate grazers are typically highly abundant in littoral communities dominated by large perennial algae and can attenuate the primary effects of nutrient enrichment via selective grazing on opportunistic algae (see, for example, Lubchenco 1978; Geertz-Hansen and others 1993; Hauxwell and others 1998; Lotze and . Nutrient enrichment may also indirectly stimulate the abundance of herbivores and hence the grazing pressure, because food of higher quality (that is, higher N and P content) improves herbivore survival, growth, and reproduction (Mattson 1980) . Nutrient enrichment did improve food quality significantly as the average C:P and C:N ratios of the algae fell from 950 to 210 and from 19 to 11, respectively. However, the herbivore response was not clear, because the total abundance and biomass of herbivores remained largely unaffected by nutrient enrichment and only a few snails and small crustaceans became more abundant with higher nutrient loading. The abundance of isopods and amphipods was highly variable and only weakly related to nutrient enrichment, but the response of these free-swimming herbivores may have been blurred by the significant export of individuals with the outflowing water.
The small but important increase in the abundance of some herbivores with increasing nutrient enrichment resulted in a positive relationship between total consumption and nutrient richness. For all macroalgae, an increasing proportion of the production was consumed at higher nutrient richness, the response being strongest for red and brown algae. The positive correlation shows that the herbivore response was stronger than the response in algal growth rate. The correlation was weak for ephemeral green algae and inverse for periphyton, reflecting the fact that the growth rate of these algae was stimulated as much, as or more than, the grazing losses.
The main herbivores (snails, isopods, and amphipods) preferred periphyton and ephemeral green algae to filamentous red algae and fucoids in the "multiple choice" experiments carried out in the mesocosms. Estimated consumption rates exceeded the production of periphyton and ephemeral green algae on an annual basis. The effect of grazing was especially strong during summer, when the herbivores were most abundant. The heavy grazing effect in summer is important because this is when opportunistic algae showed the strongest response to nutrient enrichment. The massive consumption of opportunistic algae indicates that the sustained presence of these algae in the mesocosms depended on refuges in the mesocosm where they were inaccessible to the herbivores due to physical or behavioral constraints.
The opportunistic algae were thus under strong top-down control, even at the highest nutrient levels, and grazing is obviously one important mechanism by which the primary effect of eutrophication (that is, accumulations of periphyton and ephemeral algae) was attenuated. These findings contrast with those of Hauxwell and others (1998) and Lotze and others (2001) , who found that the top-down control on ephemeral macroalgae was relaxed with increasing nutrient enrichment because growth rates were stimulated more than the abundance of herbivores. The role of herbivory thus seems to vary among systems and may depend on factors such as the ratio between algal biomass or production and herbivore abundance. A decreasing importance of herbivory with increasing nutrient richness is obviously also possible if heavy eutrophication is followed by events of anoxia and/or loss of structural habitats (that is, seagrasses, fucoids, kelps), which will reduce the abundance of fauna.
The role of physical disturbance and export. Physical disturbances created by wave exposure or strong tides can alter the structure of littoral communities (Lubchenco 1980; Underwood and Jernakoff 1984; Phillips and others 1997) because delicate algae are more sensitive to physical disturbance than large, leathery algae (Littler and Littler 1980) . Physical disturbance and the subsequent export of detached algae may therefore help to prevent the heavy accumulation of ephemeral algae, which would otherwise affect the perennial macrophytes negatively through dense shading. The total export of large visible algal fragments from the mesocosms was rather small, representing only 16% of the total production. However, the export losses were not scaled to the biomass or productivity of the different algal types since the ephemeral green algae lost at least 56% of their production through export. This number may even have been higher if the export of FPOC and DOC originating from these algae could have been included in the estimate. Although the export of ephemeral algae did not vary systematically with nutrient treatment, these losses-in addition to the grazing losses-must have been significant factor in keeping the standing biomass low.
Physical disturbance and the subsequent export of detached algae may not play the same role in shallow and more sheltered estuaries and lagoons. Ephemeral algae may still be torn loose from their substrate due to wave exposure or tides, but most of the detached algae will remain in the system as free-floating macroalgae that can build up as "green tides" under the right conditions (Fletcher 1996; Raffaelli and others 1998) .
The export of organic matter from the littoral zone of high production to neighboring systems may in some instances constitute an important input of matter and energy. If most of the exported FPOC and DOC originated from algae, then the total export of algal matter would sum to 540 g C m Ϫ2 y
Ϫ1
, corresponding to about 42% of the NPP. This number is comparable with the estimate of Duarte and Cebriá n (1996) , who showed that systems dominated by macroalgae exported, on average, 44% of their NPP. Whether or not such an export of organic matter is important for the recipient depends on the area of the receiving system relative to the littoral zone. If the area of the recipient is large relative to the littoral zone, as in most exposed coastal areas or deep fjords, then the importance will be marginal. If, on the other hand, the area of the recipient is small relative to the littoral zone, as in most lagoons and shallow estuaries, then it may be substantial and support secondary production considerably.
SUMMARY AND CONCLUSIONS
A combination of strong competition from established stands of canopy-forming brown algae, immense herbivory, physical disturbance by waves, and the subsequent export of detached components all contributed to neutralizing the accumulation of periphyton and ephemeral macroalgae in the experimental rocky shore ecosystems exposed to increased nutrient loading. This result suggests that the maintenance of ecosystem integrity, preserving an adequate cover by perennial species and associated populations of mesograzers, is an essential requirement for maintaining healthy rocky shore ecosystems.
Natural rocky shore communities may, however, be more sensitive to nutrient loading than this study suggests, because phytoplankton may be very sensitive to nutrient enrichment and add significantly to the light attenuation in the water column under natural conditions. Our results also suggested that the observed resilience against nutrient-driven structural changes among the primary producers might not persist on a long time scale because ephemeral algae are able to colonize free space and thus become dominant when nutrient richness is high and grazing pressure is low. These conditions will probably appear sooner or later in any system exposed to heavy nutrient loading since extreme events (that is, storms, extremely cold winters or hot summers, ice-scouring, extraordinary low tides, and so on) will create gaps in the dense cover of fucoids and/or reduce the abundance of herbivores.
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